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When two planar atomic membranes are placed within the van der Waals distance, the charge
and heat transport across the interface are coupled by the rules of momentum conservation and
structural commensurability, lead to outstanding thermoelectric properties. Here we show that an
effective ’inter-layer phonon drag’ determines the Seebeck coefficient (S) across the van der Waals gap
formed in twisted bilayer graphene (tBLG). The cross-plane thermovoltage which is nonmonotonic
in both temperature and density, is generated through scattering of electrons by the out-of-plane
layer breathing (ZO′/ZA2) phonon modes and differs dramatically from the expected Landauer-
Buttiker formalism in conventional tunnel junctions. The Tunability of cross-plane seebeck effect in
van der Waals junctions may be valuable in creating a new genre of versatile thermoelectric systems
with layered solids
In spite of subnanometer separation of the van der
Waals gap (∼ 0.5 nm), the coupling of the two graphene
layers in twisted bilayer graphene (tBLG) varies strongly
with temperature (T ), and the twist or misorientation
angle θ between the hexagonal lattices of participating
graphene layers [1–9]. At T  ΘBG, where ΘBG is
the Bloch-Gru¨neisen temperature, the layers are coher-
ently coupled either for θ  10◦ with a renormalized
Fermi velocity [4, 8], or at specific values of θ, such
as θ = 30◦ ± 8.21◦, when the hexagonal crystal struc-
tures become commensurate [1]. For θ > 10◦ (and away
from the ‘magic’ angles), the layers are essentially decou-
pled at low T , but get effectively re-coupled at higher T
(> ΘBG), when the interlayer phonons drive cross-plane
electrical transport through strong electron-phonon scat-
tering [2, 3]. These phonons are also expected to de-
termine thermal and thermoelectric transport across the
interface [10–15]. In fact, since the in-plane transverse
and longitudinal phonons are effectively filtered out from
contributing to cross-plane transport because they do not
substantially alter the tunneling matrix elements, theo-
retical calculations predict enhanced cross-plane thermo-
electric properties in van der Waals heterojunctions, in-
cluding high ZT factors at room temperature [12]. How-
ever, although the impact of interlayer coherence and
electron-phonon interaction on electrical conductance has
been studied in detail [1, 3], their relevance to the ther-
mal and thermoelectric properties of tBLG remains un-
explored.
We assembled the tBLG devices with layer-by-layer
mechanical transfer method, which is common in van der
Waals epitaxy [16–18]. Three devices were constructed
which show very similar behavior, and we present the
results from one of the devices here. The device con-
sists of two graphene layers oriented in a “cross” config-
uration (inset of Fig. 1a and an optical micrograph in
Fig. 1b), and entirely encapsulated within two layers of
hexagonal boron nitride (hBN). The carrier mobilities in
the upper and lower layers are ≈ 25000 cm2V−1s−1 and
≈ 60000 cm2V−1s−1, at room temperature, respectively.
More detail on the fabrication process can be found in
Methods. The doping density can be varied with the
global back gate (heavily doped silicon substrate), as well
as locally at the overlap region by using a lithographically
defined top gate. Multiple contacts on all sides of the
overlap region allow a four-probe measurement of both
in-plane and cross-plane transport.
The difference in the Raman spectra from the over-
lap and the bare graphene regions in Fig. 1c, allows an
estimation of the twist angle θ [5, 7, 19–22]. For opti-
cal transitions in the parallel band model [19, 20], the
blue shift, intensity enhancement and width reduction of
Raman peaks is attributed to van Hove singularities in
the presence of weak interlayer interaction. The observed
blue shift of ≈ 13 cm−1 in the 2D peak position (inset
of Fig. 1c) suggests θ ≈ 13◦, which is supported by the
2D peak width reduction and G band intensity as well
(Fig. S1 of supplementary information).
Fig. 1d shows the effect of top gate voltage (Vtg) on
both in-plane and cross-plane electrical resistance, while
the back gate voltage Vbg is held fixed at = −35 V to min-
imize the contribution of series resistance. The in-plane
bipolar transfer characteristics are expected in graphene,
while similar observation in the cross-plane transport can
arise from two processes: (1) density-of-state-dependent
incoherent tunneling across the van der Waals gap with
interlayer conductance Gcp = R−1cp ∝ D1(EF)D2(EF)Γ
[3, 23], or (2) interlayer conduction limited by electron-
phonon scattering [2] with Gcp ∝ nphE2F/Ωph, where
Rcp, Di(E), Γ , EF and nph are the cross-plane electri-
cal resistance, energy-dependent density-of-states of the
ith layer, interlayer transmission probability, Fermi en-
ergy of the graphene layers, and the thermal popula-
tion of the out-of-plane beating phonon mode of energy
Ωph, respectively. Although both mechanisms lead to
Gcp ∝ n, in agreement with the observations for small n
(Fig. 1e), they differ in their temperature dependences.
As shown in Fig. 1f, the low T cross-plane transport
is T -independent, which is consistent with incoherent
quantum tunneling, whereas Rcp decreases sharply for
T > 70 K, suggesting the onset of phonon-driven elec-
trical conduction as the thermal population of interlayer
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Figure 1. Device structure, Characterization and electrical transport. (a) Schematic of the hBN-encapsulated twisted-
bilayer graphene (tBLG) device geometry including the contact pads used for the cross-plane thermoelectricity measurement.
(b) Top-view optical image of the device. (c) Comparison of Raman spectra from the tBLG and monolayer graphene regions.
Inset shows the blueshift of the 2D peak from the monolayer graphene region relative to that at the tBLG region. (d) In-
plane and cross-plane electrical resistances as functions of the top gate voltage. The corresponding contact configuration is
shown in the inset. (e) Measured cross-plane electrical conductance (Gcp) as a function of number density for three different
temperatures. The dotted lines identify the linear regions in the variation of Gcp. (f) Temperature dependence of cross-plane
the electrical resistance (Rcp) for different gate voltages.
phonons increases with increasing T . Since both mech-
anisms depend on n in a similar manner, the crossover
temperature scale (∼ 70 K) varies weakly with doping,
but serves as an indicator of the energy scale of interlayer
phonons [6]. The slight asymmetry at low temperature
(7 K) between the electron and the hole doped regimes
is probably a series resistance effect outside the overlap
region, because the two graphene layers exhibit different
mobilities.
To measure the Seebeck effect across the van der Waals
junction, we employ local Joule heating of one of the
graphene layers, which establishes a interlayer tempera-
ture difference ∆T , while measuring the resulting ther-
mal voltage generated between the layers (See schematic
in Fig. 2a, and Methods). For a sinusoidal heating cur-
rent Ih(ω) of frequency ω, the thermal component is ob-
tained from the second harmonic (V2ω) of the cross-plane
voltage [24, 25]. At fixed T , V2ω varies with doping in
a qualitatively similar manner as that observed for in-
plane Seebeck effect in graphene [24, 26] (Fig. 2b), which
is antisymmetric across the Dirac point, with the sign of
V2ω representing that of the majority carriers. The ther-
mal origin of V2ω can be readily verified from the scaling
of V2ω,rms ∝ I2h,rms over the entire range of Vtg (Fig. 2c).
The interlayer temperature gradient ∆T is determined
entirely by Ih and ∆T ∝ I2h,rms (Inset of Fig. 2c) confirms
that the thermoelectric power S = V2ω/∆T is indepen-
dent of Ih within the range of heating current (≤ 4 µA)
of our experiment (see Methods and supplementary in-
formation for details on the temperature calibration).
We first compared the dependence of S on Vtg to that
expected from the semiclassical Mott relation [27],
SMott = −pi
2k2BT
3|e|
d lnGcp
dE
|E=EF (1)
at three different values of T . Evaluating the right hand
side of Eq. 1 using the parallel plate capacitor model
and linear dispersion of graphene, shows that the exper-
imentally observed S bears only a qualitative similar-
ity to SMott (shown as dotted lines in Fig. 2d), and de-
creases far more rapidly with increasing |Vtg − VD|, than
that expected from Eq. 1. A violation of the Mott re-
lation [25, 28, 29] is possible in the presence of strong
electron-electron interaction, or localized magnetic mo-
ments, but this cannot explain the enhanced suppression
of S from the Mott relation at higher doping (i.e. larger
|Vtg − VD|), where the interaction effects are expected to
be minimal. Fig. 2d also shows that the suppression of
30 100 200 300
-20
0
20
80 mV
400 mV
-400 mV
 
S 
(
V
K
-1
)
T(K)
-80 mV
V
tg
-V
D
-1 0 1
-10
0
10 3.8 A
Ih,rms (A)

T
 (
K
)
V
2
I
2 h
,r
m
s
(
) 
 (
V

A
-2
)
 
 Vtg- VD(V)
 
95 K
1A
1
1
10
 
 
-1.5 0.0 1.5
-150
0
150
3.8 A
 
 
V
2
 (

V
)
Vtg- VD(V)
 
 
1 A
95 K
a b e
-2 0 2
-5
0
5
-2 0 2
-20
0
20
-2 0 2
-40
0
40
V
tg
- V
D
 (V)
S 
(
V
K
-1
)
 
 
 
 
20K
 
 
 
 
95K
 
 
 
 
215K
d
c
𝐼h(𝜔)
𝑉2𝜔 +
𝑉2𝜔 −
𝐼h(𝜔)
Figure 2. Thermoelectricity in twisted bilayer graphene.(a) Heating and measurement scheme for the evaluation of
thermoelectric parameters. (b) 2nd harmonic voltage V2ω between two graphene layers as a function of the top gate voltage
for different heating currents at a fixed temperature (95 K). (c) V2ω scaled with I2h,rms. The inset shows that the interlayer
temperature difference ∆T is proportional to I2h,rms. (d) Comparison between the measured Seebeck coefficient (solid line) and
that calculated (dashed line) from the semiclassical Mott relation (Eq. 1) for three different temperatures. (e) The temperature
dependence of the Seebeck coefficient for different |Vtg − VD|. The dashed lines show the corresponding values of S calculated
from the Landauer-Buttiker formalism . The solid lines show fits from Eq. 2 for different doping values.
the observed S from the Mott relation becomes stronger
at higher T , suggesting a likely role of interlayer phonons.
To explore this further, the T -dependence of S at differ-
ent |Vtg − VD| is shown in Fig. 2e. The maximum S of
≈ 20 − 25 µVK−1 occurs at (Vtg − VD) ≈ 80 mV, corre-
sponding to n ≈ 1×1011 cm−2, at T ≈ 70 K. The generic
behavior of S seems to indicate a characteristic tempera-
ture scale, which increases with |Vtg−VD|, beyond which
S either weakly decreases (at low doping) or saturates to
a finite value asymptotically (at high doping).
Modelling the tBLG as a tunnel junction with electron-
ically decoupled graphene electrodes, the thermoelectric
parameters can be directly computed with the Landauer-
Buttiker formalism (See Fig. 3a and Methods for calcu-
lation details). At high doping, i.e. EF/kBT  1, the
calculated (electron/hole symmetric) thermopower de-
creases along a universal trace as a function of EF/kBT
(Fig. 3b). However, as |n| → 0, the inhomogeneity in
the charge distribution, represented by a finite broaden-
ing of the dispersion relations in the layers, causes S to
vary in an inhomogeneity and temperature specific man-
ner. A comparison in Fig. 3c reveals that the computed
magnitude of S from the Landauer-Buttiker formalism
is ∼ 1 − 3 orders of magnitude larger than the experi-
mentally observed S, especially at large |n|, where the
experimental S decays much faster than that expected
theoretically (dashed lines in Fig. 3c).
The observation of S → 0 at low temperatures where
the electrical conductance occurs through incoherent tun-
neling (Fig. 2e), suggests that thermoelectric transport
in tBLG is likely driven by the electron-phonon cou-
pling. A phenomenological description involves charge
imbalance across the layers induced by the imbalance
in the thermal population (nph) of phonons so that
∆V ∝ |dnph/dT | ×∆T , where ∆V is the interlayer po-
tential difference (schematic in Fig. 3d). Hence,
S = ∆V∆T = A(EF)|
dnph
dT
| = A(EF)Ωph
T 2
eΩph/T
(eΩph/T − 1)2
(2)
where Ωph(qK , kF) is the energy of the interlayer phonon
mode that conserves momentum during the transfer of a
charge from the Fermi surface of one graphene layer to
that of the other (qK and kF =
√
pin represent the vec-
tor in the reciprocal space connecting the Dirac points
of the rotated Brillouine zones, and the Fermi wave vec-
tor, respectively). The prefactor A(EF) embodies the
electron-phonon coupling. Eq. 2 provides excellent fit to
the observed T -dependence of S, shown by the solid lines
in Fig. 2e, and allows us to estimate the Ωph which sets
410
-1
10
0
1
10
100
 
 
215K  
0 100
0
30
Mott limit
95K
E
F
 /K
B
T
 
 
|S
e
| (

V
K
-1
)
 
20K
10
-1
10
1
0.01
0.1
1
10
|S
e
| (

V
K
-1
)
 
 
 20K
10
-1
10
1
0.1
1
10
n(m
-2
)x10
16
 
 
 50K
a
c
b
ΔV
𝑛ph(𝑇 + Δ𝑇)
𝑛ph(𝑇)
e
0.0 0.5 1.0
0
100
200

p
h
 (
K
)
 h
 e
 
k
F
(m-1)x108
|n| (m-2)x1016
0.0 0.2 0.4
150
180
210

p
h
(K
)
d
𝑘F𝐪𝐾
𝐪𝐾+2𝑘F
θ
e
f
0 5 10
0
200
400
ZA
1
|q
K
|=

q
phonon
(nm-1)

p
h
(K
)
ZO
'
/ZA
2
Γ
g
𝐪𝐾
Γ(E) 
𝑉0
𝑑vdW
D(E)
𝐸F
E
Figure 3. Microscopic mechanism of thermoelectric transport and layer breathing phonon modes. (a) Schematic
of the metal-insulator-metal junction model with charge-puddle broadened densities of states. (b) Calculated S as a function
of EF/kBT for different temperatures (20K, 30K, 40K, 50K, 65K, 80K and 95K) with a broadening constant γ = 55 meV.
(c) Doping (electron) dependence of the experimentally measured S (pink) at three temperatures. Dashed lines show the
corresponding S calculated from the metal-insulator-metal junction model. Solid lines (black) show the fits from Eq. 2. (d)
Schematic of the temperature gradient driven imbalance of phonon populations in the two graphene layers. (e) Schematic
to explain (in-plane) momentum conserving eletron scattering from one graphene layer to another by layer breathing phonon
modes. (f) Energy of the interlayer phonon mode obtained from fitting Eq. 2 to S−T data, as a function of Fermi wave vector
kF for both electron and hole doping. The intercept of the linear fit determines the energy of the zone centre phonon mode while
the slope yields the momentum of the phonon mode corresponding to the momentum mismatch between the two rotated Dirac
cones. The inset shows the interlayer phonon energy as a function of the number density. (g) Calculated energy dispersion of
low energy interlayer optical and acoustic phonon modes [2]. The vertical dashed line evaluates the phonon branch energy and
the corresponding phonon momentum, which compares well with that obtained from the analysis in (f).
the characteristics scale in the T dependence as a func-
tion of n (inset of Fig. 3f). (In fitting the S − T data for
|Vtg − VD| < 160 mV, a weak T -dependence of A ∝ T−β ,
where β ≈ 0.3− 0.6 was assumed.)
The observed magnitude of Ωph ∼ 150 − 200 K,
suggests that the low-energy ZO′/ZA2 layer breathing
phonon modes [6, 22] in tBLG, which determines the in-
terlayer electrical conductance [2, 3] are also primarily
responsible for thermoelectric transport across the van
der Waals gap. However, to cross-verify this quanti-
tatively, we assume the phenomenological phonon dis-
persion of the out-of-plane breathing modes [2], Ωph =√
Ω2Γ + κρ (
h
kB
)2(|qK |+ kF)4, where the momentum con-
servation requires phonons with average momentum ≈
|qK |+kF to transfer charge between all points of the two
Fermi surfaces ( schematic of Fig. 3e) (here, ΩΓ, κ and
ρ are the zone center phonon energy, bending stiffness
and areal mass density of graphene, respectively). Since
|qK |  kF, one expects Ωph to have a linear dependence
on kF , as indeed observed in Fig. 3f, and the slope of
the linear dependence yields |qK | ≈ 4 nm−1. This corre-
sponds to a misorientation angle of θ ≈ 13◦, in excellent
agreement with the estimate of θ from Raman measure-
ments (Fig. 1c). The intercept, Ωph(|n| = 0) ≈ 101 K,
also agrees well with the ZO′/ZA2 phonon branch energy
(∼ 115 K) for |qK | ≈ 4 nm−1 [2, 6, 22], as shown by the
vertical dashed line in Fig. 3g. Eq. 2 also captures the
density dependence of S shown in Fig. 3c if we choose
a prefactor A ∼ n−α (solid lines Fig. 3c), although α is
found to be T -dependent, varying from ≈ 0 at low T to
≈ 2 at T = 215 K.
The deviation of S from the Mott relation (Eq. 1) is
a key result of our experiments which demands further
elaboration. The Mott relation is expected to hold even
in the presence of phonon-driven tunneling, when the
tunneling is isotropic (i.e. its amplitude depends only
on the magnitude and not the direction of the momen-
tum vector of the electron) and when the phonons are in
thermal equilibrium. A non-equilibrium distribution of
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Figure 4. Estimation of power factor in twisted bilayer graphene. (a) Density dependence of cross-plane thermoelectric
power factor calculated from the measured S and Gcp at different temperatures. (b) Temperature dependence of peak value of
PFT (= TS2Gcp/d).
phonons can give rise to ‘cross-plane phonon drag’ (due
to a transport of heat from one layer to another by the
layer breathing modes in each) resulting in a violation of
the Mott formula. Furthermore, and rather unusually,
the measured thermopower is always smaller than the
value obtained from the Mott formula (Fig. 2d). A drag
component in the presence of umklapp scattering could,
in principle reduce S below the regular tunneling com-
ponent given by Landauer-Buttiker formula and hence
deviate from the Mott relation [30]. However, this is in-
consistent with the observed dominance and the sign of
the drag component in our devices. Hence, the violation
of the Mott relation we observe is most likely due to a
strong suppression of the regular tunneling component
from the Mott value due to anisotropic tunneling arising
from the twist between the layers.
Finally, we have calculated the cross-plane thermo-
electric power-factor (S2Gcp), by combining the exper-
imentally observed magnitudes of S and Gcp. Fig. 4a
presents the nearly electron-hole symmetric power factor
with a maximum value of ≈ 0.5 pWK−2. The maximum
in power-factor, observed at |n| ≈ 0.1 × 1011 cm−2 in
our case, is determined by the interplay of the increase
of Gcp and decrease of S with |n|, and can further be
improved in higher mobility devices, where the onset of
inhomogeneous transport occurs at lower |n|. The max-
imum effective PFT = TS2Gcp/d, where d ≈ 0.4 nm is
the van der Waals distance, increases with temperature,
and can be as high as ≈ 0.3 Wm−1K−1 at room tempera-
ture (Fig. 4b). While this is about an order of magnitude
smaller than in-plane PFT of high-mobility graphene [31]
and transition metal dichalcogenides layers [32, 33], the
phonon-filtering in cross-plane thermal transport may
lead to lower thermal conductance, and hence a high
figure-of-merit thermoelectric system [34, 35].
In conclusion, we have measured, for the first time, the
thermoelectric properties across the van der Waals gap
formed in twisted bilayer graphene. We demonstrated
that the cross-plane thermoelectric transport is driven by
the scattering of electrons and interlayer layer breathing
phonon modes, which thus represents a unique “phonon
drag” effect across atomic distances. Although the devi-
ation from the Mott relations needs further understand-
ing, we believe that clever engineering of van der Waals
heterostructures, for example, inclusion of intermediate
atomic layers from layered solids acting as phonon filters
[13], may lead to exceptional cross-plane thermoelectric
properties.
I. METHODS
A. Fabrication of hBN encapsulated tBLG devices
All devices in this work were fabricated using layer by
layer mechanical transfer method where the overlap re-
gion of the two graphene layers, which forms the tBLG
system, is encapsulated within two hBN layers to pre-
vent surface contamination and minimize substrate and
lithography effects. The top hBN layer also acts as the
dielectric for the lithographically defined metal top gate.
The electrical contacts to the individual layers were pat-
terned using electron beam lithography (EBL). The elec-
trical leads were mostly formed by etching through the
hBN encapsulation, followed by a metallization step for
edge-contacting the graphene layers. To achieve this,
patterned contacts were exposed to reactive ion etch-
ing (RIE) to etch the top hBN. The metal deposition
6(5nm Cr/50nm Au) was then done by thermal evapora-
tion technique to make electrical contact with the one
dimensional edges of the single layer graphene channels.
B. Calculation of the temperature gradient across
the van der Waals gap.
The temperature difference ∆T between the two mono-
layers is obtained by calibrating the individual in-plane
resistances of the two monolayers as functions of both
temperature and heating current at the charge neutrality
point. The scaling of V2ω,rms ∝ I2h,rms in Fig. 2c over the
entire range of |Vtg − VD| confirms that the ∆T is solely
proportional to the heating current and independent of
the doping induced by the top gate. The independent
scaling of V2ω,rms with I2h,rms and ∆T with I2h,rms (inset
Fig. 2c) confirms that the all the measurements were done
in the linear heating response regime and the condition
∆T  T is maintained throughout.
C. Theoretical calculation.
We have employed a phenomenological metal-
insulator-metal junction model, where the interlayer tun-
neling occurs with tunneling probability Γ(E). The See-
beck coefficient can then be written as,
S = − 1
eT
´∞
−∞ Γ(E)D1(E)D2(E)(E − µ)(− ∂f∂E )dE´∞
−∞ Γ(E)D1(E)D2(E)(− ∂f∂E )dE
where the density-of-states D1,2(E) are ∝ E for pristine
graphene layers, and f(E) is the Fermi function. In order
to incorporate the effect of inhomogeneity at very low
energies, we have parametrized the potential fluctuations
with a broadening constant γ as shown in the schematic
of Fig. 3a, where γ ≈ 55 meV is estimated from the
experimental transport parameters.
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